Creation of coherent atomic superpositions by fractional STIRAP 
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We discuss a simple scheme for preparing atoms and molecules in an arbitrary preselected coherent 
superposition of quantum states. The technique, which we call fractional stimulated Raman adi- 
abatic passage (f-STIRAP), is based upon (incomplete) adiabatic population transfer between an 
initial state ipi and state t[>3 through an intermediate state ip2- As in STIRAP, the Stokes pulse 
arrives before the pump pulse, but unlike STIRAP, the two pulses terminate simultaneously while 
maintaining a constant ratio of amplitudes. The independence of f-STIRAP from details of pulse 
shape and pulse area makes it the analog of conventional STIRAP in the creation of coherent su- 
perpositions of states. We suggest a smooth realization of f-STIRAP which requires only two laser 
pulses (which can be derived from a single laser) and at the same time ensures the automatic fulfill- 
ment of the asymptotic conditions at early and late times. Furthermore, we provide simple analytic 
estimates of the robustness of f-STIRAP against variations in the pulse intensity, the pulse delay, 
and the intermediate-state detuning, and discuss its possible extension to multistate systems. 



PACS numbers: 32.80.Bx, 33.80.Be, 42.50.Hz 



I. INTRODUCTION 

Atoms and molecules prepared in a well defined prese- 
lected initial state have applications in many branches of 
atomic, molecular and optical physics. There are various 
techniques available for preparing a single initial state 
jij. Optical pumping is the standard method when the 
desired state is the m = — J or m = +J sublevcl of a 
ground state with a total angular momentum of J. tt- 
pulse and chirped-pulse techniques are used to prepare 
atoms and molecules in a particular excited state, ac- 
cessible via an electric-dipole single-photon transition. 
A state, accessible via a two-photon transition (which 
can be an excited, metastable, or another ground state) 
can be populated by using generalized 7r-pulscs, chirped 
pulses, or the robust and efficient technique of stimulated 
Raman adiabatic passage (STIRAP) |2]-[^]. A state ac- 
cessible via a multiphoton transition can be populated by 
means of generalizations of the above techniques. Some 
of these techniques are robust against moderate varia- 
tions in the interaction parameters, as the chirped-pulse 
method and STIRAP, while others, such as the 7r-pulse 
method, are not. 

It is considerably more difficult to prepare atoms 
and molecules in a preselected coherent superposition of 
states. Creating an initial atomic coherence is essen- 
tial for such effects as dark resonances |]-p), subrecoil 
laser cooling [pL 0| — [l 3[| , electromagnetically induced trans- 
parency p|-|16|, light amplification without inversion 
]l7| |l9|], refraction index enhancement without absorp- 
tion J20[, harmonic generation ]2l| , p2| ], and quantum in- 
formation J23|. Modifications of the above techniques 
can still be used but they are generally very sensitive 
to small variations in the interaction parameters, such 
as pulse areas and detunings. In this paper, we discuss 
a technique, based on ideas similar to those of STIRAP, 



which guarantees the creation of any desired coherent su- 
perposition of two states. The technique, which we call 
fractional STIRAP (f-STIRAP), is based upon adiabatic 
population transfer between the initially populated state 
ipi and state ipz through an intermediate state ■02- It 
requires a two-photon resonance between states tpi and 
ip3 and uses two laser pulses, a pump pulse flp, linking 
states -01 and tp2, and a Stokes pulse f^s, linking states ip2 
and ijj3- As in STIRAP, the Stokes pulse arrives before 
the pump pulse, but unlike STIRAP, where the Stokes 
pulse vanishes first, here the two pulses vanish simulta- 
neously. This "incompleted STIRAP" evolution provides 
the possibility of ending with the population residing in 
both states tp\ and i/>3 , rather than being transferred en- 
tirely to state ip3i as in STIRAP. Moreover, since the 
population transfer is carried out through an adiabatic 
state which is a linear superposition of states ip\ and ^3 
only (often referred to as the trapped or dark state) , state 
if>2 remains unpopulated, even transiently, and hence its 
properties, including spontaneous decay, do not affect the 
process. This guarantees the coherence of the created fi- 
nal superposition of states. The f-STIRAP has all the 
advantages that STIRAP has in population transfer to 
a single state, regarding robustness, efficiency and sim- 
plicity, and can be considered as its analog in creating 
coherent superpositions of states. 

The idea of interrupted STIRAP was proposed for the 
first time by Marte, Zoller and Hall |24| as a way to cre- 
ate an atomic beam splitter, which is an essential part 
of an atomic interferometer |2^|3l|]. This idea was later 
discussed by Lawall and Prentiss p5| and analyzed in 
more detail by Weitz, Young and Chu pTjl , who have 
demonstrated it experimentally pi} ], achieving the in- 
terruption of STIRAP evolution by simultaneously and 
abruptly turning to zero the intensities of both the pump 
and the Stokes fields. In the present paper, we discuss 
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the potential of f-STIRAP for preparing coherent super- 
positions of states. This aspect is slightly different be- 
cause it puts a particular emphasize on the robustness of 
the process. This is so because variations in the param- 
eters of the created superposition (the populations and 
the relative phase) are very undesirable when the goal is 
to create a well defined coherent superposition for subse- 
quent use as an initial state in a certain process, whereas 
such variations are less important in an atom interfer- 
ometer. Following this argument, we propose a smooth, 
rather than abrupt, realization, which is advantageous in 
achieving adiabaticity (and hence, robustness) more eas- 
ily. It makes use of only two laser pulses (which can be 
derived from a single laser) and at the same time ensures 
the automatic fulfillment of the asymptotic conditions for 
f-STIRAP. Furthermore, we derive simple analytic esti- 
mates of the robustness of f-STIRAP against variations in 
the pulse intensity, the pulse delay, and the intermediate- 
state detuning, and discuss a possible extension of this 
scheme to multistate systems. 

We note that another extension of STIRAP aimed at 
creating a coherent superposition of states has been pro- 
posed very recently . It is based on adiabatic transfer 
in a four-state system with a tripod linkage by means of 
three laser pulses. 

This paper is organized as follows. The idea of f- 
STIRAP is presented in Sec. 0. The robustness of 
the process is examined in Sec. pTl[ The extension of 



\I/(-oo) = ipi, 



(1) 



f-STIRAP to multistate systems is discussed in Sec. IV 
The conclusions are summarized in Sec. 



II. FRACTIONAL STIRAP 
A. The idea 

The probability amplitudes Ck (i) of the three states ipk 
(k = 1,2,3) satisfy the Schrodinger equation, 

ihjfit) = H(t)c(f), 

where c(t) is a column vector comprising Cfc(i). In the 
rotating-wave approximation, the Hamiltonian of our 
three-state system is M 



H(t) = h 
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where A is the single-photon detuning of the intermedi- 
ate state, while £lp(t) and Og(i) are the Rabi frequencies 
of the pump and Stokes pulses, respectively, and (j)p and 
4>s are the phases of the two fields. An important condi- 
tion for the success of the scheme discussed below is the 
two-photon resonance between states ip\ and ^3 , already 
assumed in H(i). The system is supposed to be initially 
in state ip\, 



and we wish to transform it at the end of the interaction 
into the coherent superposition 



^(+00) = ipi cos a — -03e^ sina, 



(2) 



where a is a constant mixing angle (0 ^ a ^ 2 7r )> anc ^ 
<j) is a constant phase. The minus sign, which does not 
limit the generality of the superposition, is taken for the 
sake of later convenience. 

Following STIRAP, we are going to use the fact that 
one of the eigenvalues of H(t) is equal to zero and the 
corresponding eigenstate (the trapped state) is 

M*) = [n s (t)e-^ s v>i - Mt)e*^] , (3) 



where 



Q(t) = \/n 2 p (t) + n 2 s (t). 



(4) 



In STIRAP, the Stokes pulse precedes the pump pulse, 
that is Qp(t)/Q,s(t) — * as t — ► —00 and Q,s(t)/Qp(t) — > 
as t — > +00. Consequently, we have $t(— 00) = 
e~^ s -0i and $t(+oo) = — 6*^-03, which ensures com- 
plete population transfer from state if>\ to state 1^3 in the 
adiabatic limit. Moreover, insofar as the trapped state 
$t(*) does not involve state ip2, the latter is not pop- 
ulated during the transfer. This implies that its prop- 
erties, including its detuning A and decay rate, do not 
affect the transfer efficiency in the adiabatic limit. Fur- 
thermore, since STIRAP is an adiabatic process, it is 
robust against moderate variations of laser parameters 
(intensities, detunings, pulse shapes, pulse widths, pulse 
delay). Note that as far as STIRAP is concerned the 
phases of the pump and Stokes fields do not affect the 
population transfer. 

Let us now consider a slightly changed pulse timing, 
in which the Stokes pulse still comes first and is followed 
after a certain time delay by the pump pulse, but the two 
pulses vanish simultaneously, 



v n P (t) 

lim — 

t— ~ n s (t) 



0, 



.. fip(i) 

hm — 

n s (t) 



tana. 



(5) 



In this case, the trapped state has the limits <!>t(— 00) = 
e"^ s -0i and $ T (+oo) = e"^ s [^1 cosa - sina] , 

with 



^ = 4>p + 4>s- 



(6) 



Hence, if the evolution is adiabatic, the system will re- 
main in the same adiabatic state $t(£) m which it is 
initially and, as desired, will end up in the superposition 
state (||), up to an irrelevant common phase factor. More- 
over, since it is based on the same physical mechanism 
as STIRAP, f-STIRAP should have the same properties 
in terms of efficiency and robustness. 
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FIG. 1. An example of a three-state system for realization 
of fractional STIRAP. The three-state chain is formed by the 
sublevels in the J = 1 <-> J = transition by using a couple of 
circularly polarized laser pulses. If, for example, the system 
is initially in the m = — 1 sublevel of the lower level, then the 
pump pulse ftp should be a + polarized and the Stokes pulse 
ils should be a~ polarized. The f-STIRAP creates a coherent 
superposition of states m = — 1 and m = +1. 



The case when ttp/£ls — > 1 at +00 and 4> = is par- 
ticularly interesting for quantum information and atom 
optics; then a = jir and ^(+00) = -j=(ip 1 —ip 3 ). The cre- 
ation of this superposition corresponds to the Hadamard 
transform of a quantum bit in quantum information. In 
atom optics, if the pump and Stokes pulses propagate 
in opposite directions, the creation of this coherent su- 
perposition is accompanied with a momentum transfer of 
2hk for a half of the atoms and f-STIRAP works in this 



case as a coherent beam splitter [24 3 



B. The system 

A particularly suitable system for realization of f- 
STIRAP is the three-state chain which is formed by the 
sublevels inJ=l«-»J = OorJ = l«-»J=l tran- 
sitions by using a couple of a + and o~ polarized laser 
pulses, with the system prepared initially (e. g. by op- 
tical pumping) in the m = — 1 (or m = +1) sublevel 
of the lower level. This system is shown in Fig. [TJ. In 
this case, f-STIRAP creates a coherent superposition of 
states m = —1 and m = +1. If, for example, the system 
is initially in the m = — 1 sublevel, then the pump pulse 
should be a + polarized and the Stokes pulse o~~ polar- 
ized. The convenience of this system derives from the fact 
that the two-photon resonance condition, which is essen- 
tial for f-STIRAP as well as for the standard STIRAP, 
is automatically fulfilled, provided there are no magnetic 
fields. Moreover, the two pulses can be derived from the 
same laser pulse by beam splitting. This fact, along with 
the robustness of the scheme against single-photon de- 
tuning and laser power, makes f-STIRAP insensitive to 
phase and energy fluctuations. Moreover, the equal en- 
ergies of states m = — 1 and rn = +1 mean that the 
phase difference between these two states is determined 
entirely by f-STIRAP and remains fixed after its com- 



pletion. Subsequently, if necessary, the relative phase 
between states ipi and tp3 can be altered by applying a 
pulsed magnetic field or off-resonant laser pulses. 



C. The pulse sequence 

One of the possible realizations of the f-STIRAP 
asymptotic conditions (|J) is to take a Stokes pulse of 
longer duration than the pump pulse, with the maxima 
of both pulses occuring at the same time (t = 0), and 
truncate both of them there, e. g. 



fip(t) = 



ft sinae-(*/ T ) 2 , t^O 
0, t > ' 

_ J O cosae-( at / T ) 2 , t ^ 
0, t > 



(7a) 



(7b) 



where a < 1. This case, a variation of which has been 
implemented in p8| ], is a straightforward example of in- 
terrupted evolution. 

A more elegant, smooth realization of condition (^) can 
be achieved by using three pulses, a pump pulse and two 
Stokes pulses - one with the same time dependence as 
the pump pulse and another coming earlier, e.g. 

Q P (t) = ft sincMr (t - r)2/T2 , (8a) 

n s (t) = tt e- (t+T)2/T2 +r» cosae-(*- T ) 2 / T2 . (8b) 

In fact, this pulse timing can be achieved by using only 
two pulses - one with er~ polarization and Rabi fre- 
quency r2oe~' t+T ' ) ^ T j and another with time depen- 
dence fioe - ''* -1 "'' / T and elliptic polarization in the xy- 
plane, whose electric field (in the complex representation 
E = E :r + iK, 



E 



is given by |g| 

= Ape^ iult+ir ^ p 



A 



se 



iiut—i<ps 



where Ap /As = tan a. The former term represents the 
<7 + polarized component and the latter term represents 
the o~ one. Here h(f> = |(0p+0s) is the angle of rotation 
of the polarization ellipse and |1 — tana|/(l + tana) is its 
axial ratio_| |33] , p^ | . Thus, the desired final superposition 
of states (g) is controlled entirely by the polarization of 
the delayed pulse. Using a linear polarization and <j> = 
would lead to a = jir and a superposition \&(t — *■ 00) = 

Note that the phase of the first a pulse is irrelevant in 
the present context [because it does not affect conditions 
(||)] and it is assumed to be the same as that of the a~ 
component of the second pulse. 

A typical example of time evolution in fractional STI- 
RAP is shown in Fig. |2| (lower figure). The pulse shapes 
(upper figure) are defined by Eqs. (||) with a — jir, 
t = 0.7T, fl n T = 20. The population evolves smoothly 
from state ipi initially to the coherent superposition 
-^(ipi — ipa) finally, very similarly to the manner in which 
the population is transferred completely from state ipi to 
state tp3 in the standard STIRAP. 
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The former of these means that the adiabatic condition 
(^) has to be violated while the latter requires apprecia- 
ble non-adiabatic coupling. Non-adiabatic transitions are 
most likely to occur in the region around the maximum 
of -d{t) which is situated at C(*o) = 1, i. e. at 



t = 0. 

At t = to, i?(t) and f2(t) are equal to 

2r 

l^max = #(*u) = ^2 tan 2 a ' 

fi(t ) = 2n Q e- T2/T ' 2 cos±a. 



(12) 

(13a) 
(13b) 



Note that this is not necessarily the maximum of fi(t). 
Since both fi(t) and are pulse-shaped, it is useful to 
find their widths (full widths at half maximum), 



T:, 



T 2 



hi 



1 + cos 2 |a + cos \a ) , 



Tq ps 2r + 2TVhi2. 



(14a) 
(14b) 



I?. Lower limit on r 



FIG. 2. A typical example of time evolution (lower fig- 
ure) in fractional STIRAP in the resonance case (A = 0). 
The pulse shapes (upper figure) are defined by Eqs. (6h with 



a = ±tt, r = 0.7T, f7 T = 20 



III. ROBUSTNESS 
A. Pulse delay and laser intensity 

1. Adiabaticity condition 

The starting point in our analysis of the robustness of f- 
STIRAP against variations in the interaction parameters 
is the adiabatic condition, which for A = reads ||1 



d(t) <±n(t), 



(9) 



where $(t) = arctan[fip(tY/fis(i)] and fl(t) is defined by 
Eq. (0). For the shapes (§) with = 0, we find 



4r 



£(t) sin a 



sin a + cos 



(10a) 



fi(t) = fi e" ( * _T)2/T2 -\/sin 2 a + [cosa + ({t)} 2 , (10b) 

where £(i) — e~ 4r */ T . For appreciable non-adiabatic 
transitions to occur, two conditions have to be satisfied, 



> 



T' 



(11) 



When t — > 0, the non-adiabatic coupling flit) becomes 
a very broad function, broader than fi(t) [see Eqs. (p^)], 
and there are early times as well as late times, when 
conditions (11) are satisfied. The interference between 
these two non-adiabatic zones leads to oscillations. This 
problem will be avoided if the width of $(t) is smaller 
than the width of f2(i), < Tq. From here we find a 
lower bound for r, which for a 



jir reads as 



r > 0.35T. 



(15) 



The same arguments applied to STIRAP lead to the es- 
timate r > 0.30T. Hence, fractional STIRAP requires 
slightly larger pulse delays than STIRAP. 



3. Upper limit on r 



Since the maximum ( 13a ) of the non-adiabatic cou- 
pling -d(t) increases with r whereas its width ( |l4a| ) de- 
creases, z?(i) approaches a ^-function behavior for large 
r, which increases the probability for non-adiabatic tran- 
sitions near to. The situation is aggravated by a "hole" 
in fi(t), which appears around to for large r (> 0.8T). 
Hence, the pulse delay should not be very large. To 
suppress the non-adiabatic transitions, we must have 
|^(*o) <^ n $(to), where n is a "sufficiently large" num- 
ber. By assuming that both i?(t) and f2(i) are nearly 
constant near to, we find that the probability for nonadi- 
abatic transitions in this region is < l/(n 2 + 1). Hence, 
the choice of n depends on how much nonadiabaticity we 
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can allow, that is how much deviation from the desired 
superposition is acceptable. Thus, we find an (implicitly 
defined) upper bound on r, 



2n sin r 



9 1 

cos^ A a 



2 jrjil 



(16) 



which is similar to the one for standard STIRAP [ p5[ . 
This inequality can also be seen as a lower bound for 
the peak Rabi frequency Oq- Obviously, the Rabi fre- 
quency needed to ensure sufficient adiabaticity increases 
exponentially with r. 

The conclusion is that although fractional STIRAP 
should work for any pulse delay r > for sufficiently 
strong laser pulses, there is an optimal range of r, in 
which adiabaticity is most easily achieved. For exam- 
ple, for n = 5 this range is 0.35T < r < 0.93T for 
il T = 20, 0.35T < t < 1.12T for fl T = 40, and 
0.35T < r < 1.28T for Q Q T = 60. 

In Fig. |3|, the final population P3 of state ip3 is plot- 
ted against the time delay r and the peak Rabi frequency 
Oc Comparison is made between standard STIRAP (up- 
per figure) and fractional STIRAP (lower figure). The 
plateau for STIRAP corresponds to P3 = 1, while that 
for f-STIRAP corresponds to P3 = 0.5. It is seen that 
the two plateaus look very similar which means that f- 
STIRAP should have similar properties of terms of ro- 
bustness and efficiency as STIRAP. The borders of the 
plateaus are in good agreement with our simple analytic 
formulas. The oscillations (against f^o) seen for small 
r in both plots are due to the interference between the 
transitions in the two non-adiabatic regions, as discussed 
above. The oscillations seen for f-STIRAP at large r 
appear because then the two components that form the 
Stokes pulse (the early er _ -pulse and the tr _ -component 
of the delayed elliptically polarized pulse) are too sep- 
arated and the one which comes first has almost no ef- 
fect; then the excitation dynamics is essentially the one 
of completely overlapping pump and Stokes pulses [p6| . 



B. Detuning and laser intensity 

Our analysis of the robustness of f-STIRAP against 
variations in the intermediate-state detuning A begins 
again from the adiabatic condition. In this case it has 
the form (for cj> = 0) §| 



sin ip(t) 
cos 2 yj(i) ' 



(17) 



where n is a suitably chosen large number and the angle 
if is defined by 



tan2iy9(£) = 



tt{t) 



The results in |35[ for the detuning dependence in STI- 
RAP suggest that in the near-adiabatic regime (when 
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FIG. 3. The final population P3 of state ip3 plotted against 
the time delay r and the peak Rabi frequency flo in the 
on-resonance case (A = 0). The upper figure is for standard 
STIRAP (with a = ^tt) and the lower figure for fractional 
STIRAP (with a = jtv). The pulse shapes are defined by 
Eqs. (|). The plateau for STIRAP corresponds to P 3 = 1 
and that for f-STIRAP to P 3 = 0.5. 



il T ^> 1), the range of detunings which do not af- 
fect significantly the transfer efficiency is large com- 
pared with the peak Rabi frequency, A ^> Qq. Then 
<p(t) ps 0(t)/2A, and the adiabatic condition ( [l7|) reduces 
to 



A < 



n 2 (t) 



4n tf(t) 



It is most important to satisfy this condition in the region 
around t — 0, where ■$(£) is maximal. There we have 
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FIG. 4. The final population P3 of state ip3 plotted against 
the single-photon detuning A and the squared peak Rabi fre- 
quency SIq. The upper figure is for standard STIRAP (with 
a = |7r) and the lower figure for fractional STIRAP (with 
a = jtt). The pulse shapes are defined by Eqs. ([]) with 
r = 0.7T in both cases. The plateau for STIRAP corresponds 
to P 3 = 1 and that for f-STIRAP to P 3 = 0.5. 

COS 3 ia T 2 n„2 /T 2 9 , s 

A < r-r^i e _2r fig. (18) 

in sin 2 a r 

Hence, the acceptable range of intermediate detunings A 
is proportional to the squared peak Rabi frequency flo. 

In Fig. ||, the final population P 3 of state ^3 is plotted 
against the single-photon detuning A and the squared 
peak Rabi frequency H 2 ,. Comparison is made between 
STIRAP (upper figure) and f-STIRAP (lower figure). 
The plateau for STIRAP corresponds to P3 = 1, while 
that for f-STIRAP corresponds to P3 = 0.5. The plateaus 
are described well by our simple formula (|l8|). 

To conclude this section, we point out that it is possible 
to derive simple estimates also for the robustness of f- 
STIRAP against the intermediate state loss rate in the 
manner in which this has been done for STIRAP |57j. 



IV. EXTENSION TO MULTISTATE SYSTEMS 

The er + (7~ pulse sequence duscussed above can eas- 
ily be applied to multistate chainwise-linked systems 
formed from the magnetic sublevels in J <-> J' = J or 
J J' = J — 1 transitions (with integer J), prepared 
initially (e. g., by optical pumping) in the m = — J or 
m = J sublevel of the ground level. The (2 J + l)-state 
system formed in such a manner comprises J + 1 sub- 
levels of the lower (ground) level and J sublevels of the 
upper (excited) level. Let us denote the amplitudes and 
the wavefunctions of the lower sublevels by c m and ip m , 
respectively, and those of the upper sublevels by c' m , and 
tp' m , and let us assume that the atom is prepared ini- 
tially in state tp-J- Then the Rabi frequencies of the 
(up-right) transitions ip m <-> ip' m+ i are proportional to 
fip times the corresponding Clebsch-Gordan coefficient 
( Jm, 11| J'm') (m' — m + 1), whereas the Rabi frequen- 
cies of the (up-left) transitions ip m <-> ip'm-i are propor- 
tional to times (Jm, 1(— 1)| J'm') (m! = m— 1), where 
rip and Qs are appropriately defined Rabi frequencies 
"quanta" . In the on-resonance case and in the case when 
only the upper sublevels are detuned from resonance, the 
Hamiltonian describing this system has a zero eigenvalue 
and the corresponding eigenstate has the form |24|,|3^ [Il| 

$T = (c-j, c'_ J+1 , C_J+2,C / _ J+ 3, C_j+4, ■ ■ ■ , Cj) T ', (19) 

where the amplitudes of all upper sublevels are zero, 

c'-j+i = C-j+3 = ■■■ = c'j-i = 0, (20) 

while the amplitudes of the (nonzero) lower sublevels can 
be determined from the recurrence relation 

Cm+2 = (Jm, 11\ J' (m + 1)) Op i4> 

c m (J(m + 2), 1(-1)| J'(m + 1)) fls ' 1 ' 

with m = - J, - J + 2, —J + 4, . . . , J - 2. The pulse se- 
quence (||) in which the Stokes pulse is the first to come 
ensures that state $t is equal to state ipi initially and 
in the adiabatic limit the system stays in state <!>t all 
the time. Since the amplitudes (^0|) of the upper sub- 
levels are equal to zero these sublevels remain unpop- 
ulated, even transiently, which means that the proper- 
ties of the upper level, including decay, do not affect 
the process. The selection rules leave a priori unpop- 
ulated the other upper sublevels as well as the sub- 
levels iji-j+i, ip-j+a, ip-j+5, ipj-i of the lower level. 
At the end of the pulse sequence only the sublevels 
ip—j, ip-j+2, ■ ■ ■ , ipj of the lower level are pop- 

ulated. The created final superposition ^ depends on 
the ratio tana between the pump and Stokes pulses, the 
phase 4> and the Clebsch-Gordan coefficients characteriz- 
ing the transition. 

For the sake of simplicity, let us assume that flp — > 
1 as t — > +00 (i. e., a — 7r/4) and <f> — 0. Then the 
superpositions ^>(J *-* J') created by f-STIRAP for a 
few most frequently used J <-> J' transitions look as 



G 



*(1~0) = y^V-i-TlV'i, 
*(1<->1) = y^V-i + '/lV'i, 
*(2 <-> 1) = - ^/iVo + V^V>2, 

*(2 <-> 2) = + §Vo + /f^, 

*(3 ^ 2) = - vIlV'-i + VSV'i 

^3, 



*(3-3)= x /^-3 + V4V>- 




+ 



rV'o 



(22) 
(23) 
(24) 
(25) 

(26) 

(27) 

(28) 

(29) 



Such multistate systems provide the possibility of ro- 
bust creation of well-defined radiatively stable coher- 
ent superpositions of more than two states. From the 
viewpoint of beam splitting, f-STIRAP applied to such 
systems achieves coherent splitting of the initial atomic 
beam into J + 1 components. Moreover, we can alter 
the components in each superposition by changing the 
mixing angle a, and we can alter their phases by chang- 
ing the phase <p, i. e., we have two degrees of freedom. 
Finally if necessary the populations of the intermedi- 
ate states can be removed (stored into metastable states 
or ionized) by subsequent laser pulses, thus leaving the 
atom in a coherent superposition of two states (V>-j and 
ipj) with a large momentum difference. It is seen from 
the superpositions listed above that, due to the nature of 
the Clebsch-Gordan coefficients, this is relevant for the 
transitions with J' — J only, because for J' = J — 1 the 
coefficients of tf>_j and ipj are too small. 



V. CONCLUSIONS 

We have discussed the properties of a technique which 
can create any preselected coherent superposition of two 
states. The technique, which we have called fractional 
STIRAP (f-STIRAP), is based upon (incomplete) adia- 
batic population transfer between the initial state ipi and 
state tp3 through an intermediate state ip2 ■ As in STI- 
RAP, the Stokes pulse arrives before the pump pulse, 
but unlike STIRAP, the two pulses vanish simultane- 
ously. This "incompleted STIRAP" evolution provides 
the possibility of ending with the population residing in 
both states ipi and ip3, rather than being transferred en- 
tirely to state ipz, as in STIRAP. We have suggested a 



smooth realization of f-STIRAP which requires only two 
laser pulses (which can be derived from a single laser) 
and in the same time ensures the automatic fulfillment 
of the asymptotic conditions for f-STIRAP. Fractional 
STIRAP has all the properties that STIRAP has in pop- 
ulation transfer to a single state, regarding robustness, 
efficiency, and simplicity, and can thus be considered as 
its analog in creating coherent superpositions of states. 
The robustness against variations in the laser parame- 
ters (such as dctunings and pulse areas) is a particu- 
larly important feature, which makes f-STIRAP insen- 
sitive to phase and energy fluctuations of the laser. In 
the frequently implemented setup, where an atomic beam 
crosses two slightly displaced laser beams at right angles, 
the atoms with different velocities have different inter- 
action times and then the robustness of the technique 
against the pulse area ensures that virtually all atoms 
undergo the same excitation. We have derived simple 
analytic estimates of the robustness of f-STIRAP against 
variations in the pulse intensity, the pulse delay and the 
intermediate-state detuning, and have discussed a pos- 
sible extension of f-STIRAP to multistate systems. In 
principle, the method can be implemented without sig- 
nificant complications to any system where STIRAP has 
been done. 
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